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NOMENCLATURE

Symbol Definition
A Slope of the velocity profile

A1,...,As Control-surface areas

B Constant

Cp Drag coefficient

Ce Friction coefficient

CL Lift coefficient

Cp Pressure coefficient

D Drag

H Height of building

L Length of buildings

1 Mixing length

S Spacing between buildings

U Longitudinal mean velocity

Up Reference velocity
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u’ RMS value of longitudinal turbulence fluctuation
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L PN RMS value of upstream turbulence fluctuation
\) Vertical mean volocity
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Distance y at which u' = u'm
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CHAPTER 1

INTRODUCT ION

1. Applications of Wind Tunnel Research

Cermak (1975) has treced the beginnings of experimenta: studies of
wind effects to the eighteenth century. In the last fifty years wind
tunnel development has made possible many studies involving simulated
wind passing around buildings and other structures. Such studses,
couplud with the development of the principles of dimensional analysis,
have made possible the prediction of forces and moments created by
atmospheric wind.

In recent years wind tunnels have been used to investigate the flow
field around buildings to aid in th prediction of the spread of pollu-
tants from factories and automobiles and to predict the wind enviromment
of pedestrians, land vehicles and aerospace vehicles in the immediate
vicinity of buildings. Besides buildings, natural topography can affect
the flow structure of the atmosphere, as can towers, fences and vegeota-
tion. The present work is concerned with the latter wind effect, viz.,
the effect of buildings or other obstacles on the wind enviromment of

aerospace vehicles in flight.

2. Background of the Present Investigation.

Prediction of takeoff and landing trajectories of serospace
vehicles requires an sdvance knowledge of wind conditions in the field
of operation. It is known that buildings in the vicinity of landing

strips can affect the velocity profiles of the wind fielc. Wakes from
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bluff bodies, as a potential hazard to air traffic, has been discussed
by Fichtl, Camp and Frost (1977).

NASA Marshall Space Flight Center initiated work to relate building
geometry to wako flow., Rosults of a field investigation was reported by
Frost, et al (1977), and a wind tunnel investigation was described by
Woo, Poterka and Cormak (1977). The dats of the above field and wind-
tunnel tests havoe boen compared by lLogan and Camp (1978). Thoe effect of
an upstream obstacle on the wake of a second (downstream) obstacle was
investigated by logan and Chang (1980). The interaction of wakes from
latorally spaced buildings was reported by Logan and Barber (1980) and
by lLogan and Lin (1982).

The work cited above involved the effect of the spacing of very
long (two-dimensional) buildings. In tho present work buildings of
finito length are considered. Building models are arranged in patterns
of one, two, three or four buildings, and measurements of velocity and
turbulence in the wake region are obtained. The results show the eof fect
of building length and spacing on the wake character. The study pro-
vidos data which are useful for the prediction of the flight path of
aorospace vehicles which are landing or taking off in the vicinity of
single-or multiple-building arrays. The information is useful for the

planning of noew structures in the vicinity of airports.

3. Single Buildings

Figure 1 was extracted from a report by Holdredge and Reed (1956).
Using models of block-type buildings in a low-speed wind tunnel, the
basic features of flow bekind the buildings were studied through flow

visualization. In the recirculation zone flow over the building is
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accompanied by a reversed flow at ground level. Flow around the ends of
the building is partly returned via an inward flow towards the back side
of the building. These two secondary motions accompany the main flow
around the single building and characterize the recirculation region.

The length of the recirculation zone for a two-dimensional model
(large L/H) of square cross—section should be slightly less than nine,
according to Fig. 1. This is in excellent agreement with the results of
Logan and Barber (1980) obtained from skin friction values.

Figure 2 was also presented by Holdredge and Reed (1956) and illu-
strates surface pressure variation. Pressure taps were drilled through
the walls of ™lexiglas models in a grid pattern. The results were then
presented as contours of surface pressure coefficients on the five
exposed faces of the block-type building. On the front face a region of
high pressure (Cp > .9) is indicated. The pressures are below atmos-
pheric on the tor, side and back faces, as these faces are in contact
with regions of separated flow. The cavities formed by the separated
flow contain some fluid moving counter to the main flow direction. The
pressure contours indicate probable flow direction along surfaces, e.g.,
on the back surface flow is expected to occur outward from the region
interior to the Cp = -.4 contour, i.e., towards the end and the top
surfaces, where Cp ¢ -.4. The flow patterns are as indicated in Fig. 1,
which are obtained by flow visualization.

The present investigation extends the work of Holdredge and Reed
(1956) to include wake profiles of velocity and turbulence. The present
work also involves surface flow patterns on the ground in the cavity

behind the model.
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Fig. 7. Pressure Coefficients on the Surfaces of a Building [Boldredge
and Reed (1956))
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ORIGINAL PAGE S
4. MNultiple Building Arrays Of POOR QUALITY

Holdredge and Reed (1956) also investigated the flow of air around
arrays of dbuildings., including most of the patterns used for the present
work. Their emphasis was different, in ;hnt only surface pressure
measurements ware roported. Their work shows the effect of building
spacing on centeriine surface pressures. The presont work extends their
investigation to include velocity and turbulence profiles downstroam of
building arrays and surface flow patterns obtained from flow visualiza-
tion.

Ponwarden and Wise (19785) obtained surface flow patterns, as well
as velocity and surface pressure messurements for multiple building
arrays. The thrust of this work, as well as the earlier work of Wise,
Sexton and lLillywhite (1965), was to dofine the wind onvironment between
buildings. The present work is geometrivally similar but extends the

work to include wake measurements downstroam of the arrays.

S. Theoretioal Considerations

Some importiant theoretical ideas about flow around single buildings
were advanced by Hunt (1971). He presents expressions which relate the
{orce or moment on a building to the velocity field. Referring to Fig,

3 the drag coefficient on & block-type duilding is given dy

= —, II v dyas - II v’ dyds
Y !

_ jj Uvdada - 2 Ij U¥dxdy - Ij todxds

A A A (1.1)
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where Ay refers to area afedw, Ay to area bghcb, A3 to area afghba, Aq4 to
area abcda (or area cfghe) and A5 to arca dehcd. These areas are the
plane control surfaces of a box-like control volume surrounding the
building, which is situated at the origin. The reference velocity Ug,
used to non—-dimensionalize the expression, is arbitrary and could be the
freestream velocity U;, the velocity Ug at y = H in the upstream profile
or an average velocity based on that part of the profile between y = o
and y = H. The surface shear stress v, and the velocity components U, V
and W vary over the areas of integrationm.

Although the drag force D can be increased by increasing building
length L, height H or the wind velocity Up, the drag coefficient is
modified when certuin dimensionless ratios are altered. Joubert, Perry

and Stevens (1971) indicate that this dependency might be given as

CD = f ( H/5, HU*/ , L/H) (1.2)

where & denotes boundary layer thickness, U®* upstream friction velocity
and kinematic viscosity. Modification of the quantities on the right
hand side of (1.2) changes the streamline pattern, and the surface pres-
sure contours are likewise altered. Referring to Fig. 2, it is seen
that s shorter building would yield a lower Cp, since end effects would
exert a greater influence. The differemce in Cp on the front of the
building and on the rear is clearly less near the ends than at the
center. Thus a lower aspect ratio L/H implies a lower drag coefficient
Cp. This effect is corrcborated by the extensive experimoental results
of Wieghardt (1953). Figure 4 shows that increasing L/H increases Cp
for models of square cross section. The reference velocity Up used in

Fig. 4 is the integrated average in the range o ( y < H.

ORiGuvAL PAGE (8
s OF POOR QUALITY

N

R o U



ORIGINAL Fist |5
OF POOR QuaLiTY

3/H=6.6
/[_ T

.4
. L/H=0®
---____ B . =+ -
1.2 v | Y.
; I X 3/H=3)
1.0 — - 1
f / T"f Ui=25 M/S, X=4.34M, 8:57MM
a 08 1 -
[
—-
06 i
0.4 "|‘”|“i Ujz25M/3, X:1.63M, S:32MM
! H
0.2
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Fig. 4. Measurements of Wieghardt (1953) Showing the Effect of L/H and

8/H on Cp

"Bom.

EACYEY



Vieghardt's results show that Cp increases with H/6 and with UgH/
The ratio of H/W, m~del height to streamwise width, also affects Cp.
Fence-like models with large values of H/W have the highest drag coeffi-
clents. Similarly the cross-sectional shape of the model affects Cp.
Profiles having s sharp edge at the roof line have the highest drag
coefficients.

Referring to (1.1) it is observed that all the terms on the right-
hand side are affected by a change in Cp. except the first term, which
depends on the upstream profile. The second term is affected most
substantially and will decrease with an increase with Cp. This term
represents the major part of the momentum flow from the control volume.
Measurement of centerline velocity profiles and evaluation of fU'dy
provides s measure of this term, and changes in this integral are pro-
portional to changes in Cp. Wake velocity profiles are thus related to
the geometical features of the flow through (1.1) and (1.2). The
momentum flux at the centerline can be obtained from velocity

measurements of the present work.
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CHAPTER 2 v
EXPERIMENTAL WORK

1. Models

Block-type buildings were modelled using sections of square
aluminum bars which were cut to several lengths. The height H of the
models was 8.38mm + 0.0lmm, and the streamwise width W was likewise
8.38mm. The length L of the models was equal to 3H, 6H or 9H.

For multiple-building arrays, the space S is also varied. Figures
5-9 depict the arrangements studied and indicate the notation mentioned.
£11 lengths are even mvitiples of the model height H.

The models were mounted in arrays on the floor of the wind tunnel
and securely glued in place. The arrangements used are indicated in
Table I. The infinite spacing (S = @) refers to the single building as
shown in Fig. 5. The lateral spacing, where buildings are separated

laterally, is always 6H.

2. Wind Tunnel

Figure 10 is a schematic depiction of the wind tunnel nsed for the
model tests. Room air was drawn into the tunnel through a filter, and s
boundary layer was developed on the floor between the inlet and the test
section, The models were mounted 4.88m from the inlet, which left 2.44m
of tunnel length downstream of the models.

The floor of the tunnel is 56 cm wide and is made of plywood
covered with a layer of Formica. The sides and roof are constructed of

Plexiglas. The roof was adjusted to give a zero pressure gradient flow,

11
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FLOW

X/’H'O/

Fig. 5.Single-building Model Arrangement with Variable L/R

FLOW

Fig. 6.Two-building Wodel Arrangement with Variab.e L/H

FLOW

S/H s
X/He0

Fig. 7.Two-building Model Arrangement with Variable S/H
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o

and its hoight above the floor varied from 25.4 c¢m at the inlet to 29.9
cm at the (xit. Prossure taps in tho sides of the tunnel were used to
dotermine ths required adjustment of the roof,

The roof was slotted to allow the insertion of probes, but the
slots were coverod Jduring tests to assure minimum leakageo. Probes were
supported and moved by a traversing carriage, which allowed probe move

mont {u throe directions.

TABLY 1

Building Arrangemcnts

Pattsrn Shown in Loength Spacing
No, . Figy Ne.. L 8% _
1 s ol w
2 6 6H 2R
K} s 3n w
4 6 3N 2H
5 7 6H n
6 7 6H ol
7 7 6N 9
8 s 9H w
9 8 6H 3H
10 8 6H 6R
11 8 64 9H
12 9 6N 3H
13 9 6N 6R

ORIGINA,. +2.
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A tripping rod and a section of sandpaper on the floor near the
inlet of the tunnel was used to promote rapid development of a boundary
layer. The thickness of the boundary layer formed on the floor of the
tunnel at the position of the models (x 4 . 8m) was approximately 10H.
The froostream velocity Uy at this point was maintainod at 6.7 + .1 m/s.
The temperature of the air in the room, which was urawn into the tunnei,
was controlled to 25 + 1 degrees Colsius. Under these conditions the

obstacle Reynolds number, defined as U; H/ , was aprcroximately 3750.

3. Flow Visuslization

The adaptation of the oil-film technique to visualize surface flow
paths by Logan and Lin (1982) was applied to all of the model arrays in
Table I, excopt for pattern nos. 2 and 4. A mixture of isopropyl!l
alcohol and charcoal powder (0.5673 charcoal/$5 ml alcohol) was poured
over the floor of tho tunnel immcdiately around the models. Photographs
wore taken just after the first 15 seconds of tunnel operation. All
photographs woere made with a tripod-mounted 3Smm camera supported above
the roof of the tost section. The camers setting used was /5.6 and
1/128 sec. The film used was Tri-X ASA 400, and prints were made on

high contrast FS photographic paper.

4. Measurements

Preliminary measurements of the three components U, V and W of mean
volooity in the wakes of pattern numbers 1 and 6 (Table I) were obtained
with a threo-dimensional Pitot tube. This probe was the model DC-125§
directional probe manufactured by United Sensor and Control Corporation.

The prodbe connections were made as shown in Fig. 11. The preasure

17
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Fig. 11. Directional Probe Connections
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transducer was a Gould-Statham Model PM5 (0.3psid), and tke bridge
amplifier was a Fogg model 50.

The pressure probe permitted the making of off-centerline measure-
ments but was not useful for detailed measurements very near to the
floor. Thus profiles of mean velocity U and root-mean-square fluc-
tuation u’' were ceoried ovu. at centerline stations for all building
arrays lirted in Table I using a single—, normal-rod TST 1210-20 hot-
film probe of 0.0508mm diameter. Detailed mean velocity ~2d turbulence
intensity profiles were obtained with this probe. The TSI 1050 series
instrument used with this probe comprises four parts: a 1050 Constant
Temperature Anemometer, a 1051-6 Monitor and Power Supply, a 1072 Signal
Linearizer and a 1076 True RMS Voltmeter. A DISA 55D35 RMS unit was
elso used to measure the RMS values.

Since a typical sensor (TSI 1210) was used in an air flow of low
velocity range (0-30 fps), the four polynomial coefficients involved in
the adjustment of the linearizer could be obtained from the manufac-
turer-supplied Table of Coefficients. Because the freestream v.locity
U; was used as & non-dimensionalizing quantity, the non-dimensionalized
values of mean and fluctuating velocities were really just relative
values to that of Uj, so the only calibration needed was to secure a
consistent freestream velocity value., The Linearizer was set to give a
velocity reading of 10 volts when the probe was moved to a reference
position in the freestream. The readings of mean and fluctuating velo-

cities which were recorded were already non-dimensionalized.
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CHAPTER 3

SURFACE FLOW AROUND MODELS

Figures 12-15 show photographs of streak patterns formed with the
alcohol-carbon powder mixture on the floor of the wind tunnel in the
vicinity of the models. Most of the arrays listed in Table I were
studied in this way. The photographs give useful information about the
extent of the disturbance to the flow field aronnd the models. Noting
that the squares of the superimposed grid are 2H in size, it is observed
tha: the flow field is influenced to a distance of about 6H a2way from
any side of the block-type model.

The asymmetry of the upstream flow patterns is evident in Figs.
12-14, Although the models were set at approximately 90 degrees to the
side walls of the tunnel, it appears that some small deviation from 90
degrces must exist between the velocity vectors of the upstream
particles and the models. This may be explained by a small lateral
component of mean velocity, which produces an angle between the velocity
and the models of slightly less than 90 degrees. Such a lateral compo-
nent is expected, when turbulent boundary layers are developing in
non-circular ducts. For example, Pletcher and McManus (1965) reported
secondary currents as high as one percent of the freestream velocity.
Logan and Lin (1982) reported secondary currents in the wind tunnel used
in the present investigation. Apparent'y the slightest deviation from a
90-degree direction of the velocity vector shifts the stagnation region
noticeably. The smok:-filament studies of Holdredge and Reed (1956),

shown in Fig. 16, also indicate that the stagnation point shifts to a
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position near the leading corner of a model in a skewed position with
respect to the approaching stream.

The surface flow rattern around the single model, shown in Fig. 12,
shows symmetrical flow fields in the recirculation zones behind each of
the three buildings tested. Fluid from the end rcgions passes into the
region behind the buildings and apprcaches the back sides ncar the
centerline, as shown in Fig. 1. The line which divides building-
directed fluid from downstream-directed fluid is curved and reaches a
maximum distance from the back side of the model on the centerline.
This rcattachment distance is approximately 3H, SH and 7H for the models
of lengths 3H, 6H and 9H, respectively. These discances agree quite
well with those given by Holdredge and Reed (1956), as taken from the
graph in Fig. 1, except for the longest building. The graph of Fig. 1
for W/H = 1 is a reasonable representaion of the maximum dimension of
the recirculation region, although it could be mcdified slightly by the
present results, '

The contrasting dark and light areas in Fig. 12 are assumed to
indicate regions of low and high surface shear stress, respectively,
There are, of course, inconsistencies, e.g., shadows, such as the dark
annular region caused by the lamp used for lighting the test section.
The separation regions at the sides and back of the models are darker,
and the stresses there are low. Along the centerline downstream of the
recirculation region, there is a dark, wedge-shaped region. In this
section of the wake, the surface stresses and low-level velocities are
low. Fluid moves from the two adjacent sides into this region, and the
central region increases in velocity and shear stress at the expense of

the regions on each side of it. Thus the wake of low-momentum fluid
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spreads in a wedge-shaped manner. The half-angles of the wedge-shaped
areas are approximately 7, 14 and 18 degrees for models of length 3H 6H

and 9H, respectively. The virtual origins of wedges appear to be
located approximately at distances of 8H, 4H snd 2H downstream of the
back side of the models of lengths 3H, 6H and 9H, respectively.

Figure 13 shows the effect on the flow field of a tandem arrange-
ment of two identical buildirgs. The shortest sp: ing S is 3H. For
this case the flow field does not appear to develop in the rear of the
first building. Instead the flow developc around both buiidings as a
unit, and the recirculation region formed behind the second building is
likz that for a wide building, i.e., WH > 2. In Fig. 1 the W/H > 2
curve indicates a reattachment length of 3.6 H. This is in good agree-
ment with the observed value fOf S = 3H in Fig. 13. Figure 13 shows a
recirculation zone behind both buildings when the separation is 6H and
9H., However, the reattaciment length behind the second building is oirly
about 4H for the large.: separation, whereas it is closer to 5SH for the
single-building case. The wedge—shaped region is also present with the
tandem arrangement, and the half-angle of the wedge is roughly the same
as behind the single building. However, the virtual origin of the wedge
is somewhat closer to the back side of the model.

The wedge locations for the arrays of Fig. 14 are slightly
different from one another, although the tandes arrays are identical.
Otherwise the flow patterns are individually very similar to those in
Fig. 13. If the wedge patterns define the regi-n of retarded fluid, the
approximate location of the intersection of the neighboring wedges
should correspond with the point of maximum rotardation and sheuld be

cbservable from centerline velocity profiles. For a 15-degree
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half-angle of the wedge and with the 6 lateral separation shown in Fig.

14, calculatiins results indicate a wake intersection at 24H.

The recirculation zone for a building located behind the gap
between two long brildings isx shown in Fig. 15. The reattachment
lengths for these cases are close to those of the single building in
Fig. 12, i.e., they comply roughly with the gruph of Fig. 3. Because
the flow behind the downstream building is bounded at either side by
retarded fluid from behind the long, upstream buildings, there is less
interaction, and apparently no wedge-shaped region is formed. The gap
flow upstream is disturbed considecably by the model behind the gap.
The flow through the gap is probably reduced in the central regionm by
the obstacle, with a resulting increase in flow above tlis region, but
the flow between the ends of the buildings may be intensified, at l:ast
tfor the spacing of 3H, as indicated by the light areas at the ends of

the central building.
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CHAPTER 4

VELQOC1TY PROFILES

1. Upstream Profiles

Profiles of mean velocity and turbulence intensity taken with no
models on the floor of the tunnel are shown in Figs. 17 and 18, respect-
ively. These profiles weir taken wit 'he hot-film probe described in
Chapter 2. The honeycomb flow streightener was removed for this test
and for all hot-film measurements rep~rted in the chapter. The profiles
are compared with those previously reported by Logan and Barber (1980),
using the same tunnel geometry, but with the tunnel located in a differ-
ent room. A difference in shape of the velocity profile is noticeable,.
The free stream turbulence level in the new location is significantly
higher. Apparently turbulence generated outside the tunnel is more
significant in the new tunnel location, and the root-mean-square of the
longitudinal fluctuation u’ amounts to 4.9 percent of the free stream
velocity U,

The effect of an increase in the high free stream turbulence iaten-
sity on the mean velocity profile is to lcwer the shapc factor H
(defined as the ratio of displacement thickness to momentum thickness).
The charee of velocity profile, corresponding to a change of H, <hcvn in

Fig. 17 agrees with that predicted by McDonalc . * Kreskovsky (1974).

2. Wake Pcofiles
Wake Profiles of mean velocity were measured downstream of the

patterns described in Tible I. NMNeasuremen.: wc:. made at stations which
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were located at distances of 2H, 4H, 6H, 10H, 16H snd 28H from the rear
(downstream) side of the building model. The ecarliest measurements were
made in the wakes of pattern nos. 1 and 6 (Table I) using a five—hole-
pressure probe. These measurements are presented in the Appendix in
Tables A-1 to A-6.

The pressure-probe measurements are useful in that the three velo-
city components U, V and W are given. They serve as a means of con-
structing a qualitative flow picture in the wake behind the single
building (L = 6H) and the two-building, tandem array (both buildings
have L = 6H). These data should be considered only qualitative, as good
accuracy is precluded by the relative size of the probe (3.175mm
diameter) as compared to the height of the model (H = 8.38mm) and to the
thickness of regions of high velocity gradient generated behind the
models.

Measurements of wake profiles of mean velocity (longitudinal compo-
nent U) and turbulent fluctuations (rms of lonmgitudinal component) were
made behind 211 13 patterns of Table I using the hot-film probe, Since
the sensor for this probe (TSI 1210) is a cylinder 0.0508mm in diameter
and is held parallel to the floor and normal to the main flow direction
(x-direction), detailed wake measurements in the region of high velocity
gradient were feasible. Profiles measured with the hot-film probe were
obtained only at stations on the centerline, however. At the centerline
the measurements of mean velocity include a vertical component V as well
as the horizontal component U. 3Since the angle of the resultant
velocity vector is not determinable with the single-sensor, normal,
hot-film probe, the effect of the vertical component is ignored in this

report. The worst error due to this effect is expected to be 1 to 1.8
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pPercent and would occur close to the model, say in the region bounded by

o {y/R <3 and o < x/H < 10.

Preliminary Velocity Measurements: Pressure Probe Results

The data of Table A-1 to A-6 were taken with the five-hole pressure
probe. The results are given to aid in building a qualitative picture
of streamlines at various levels in the wake region. In the wake of a
building arranged as in Fig. 1 a low speed region of reversed flow is
expected to occur just behind the building. The flow around the sides
and roof of the building is accelerated initially but later mixes with
and accelerates the retarded fluid directly downstream of the building.
Near the surface (floor of the tunnel) the velocity profiles show
increases in U/Uj, a5 x/H increases. The increase in U at low levels in
the central wake region mecans that mass must be added to the region from
regions above or to the sides of this region. Tables A-2 and A-3 show
that V ¢ O and W > O at all off-centerline stations in the wake of the
single building. Flow occurs towards the centerline and towards the
ground (floor of the tunnel) in the wake region. The same general
features of the wake flow are observed in the data of Tables A-5 and
A-6, which were obtained behind two buildings in a tandem array.

The relative magnitudes of the vertical velocities, given in Tables g
A-2 and A-5, are of interest in the determination of aircraft response
during flight through building wakes. A low-level flight through a wake
might be as depicted in Fig. 19. The aircraft would have gained a
height above the ground of roughly y/H = 2 when it was 10 building
heights (x/H = 10) to the rear of the building. The downdrafts V from

Table A-2 can be used to estimate the deviation of the angle of attack,
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or the lift coefficient O, frgn'gkg;dﬁﬁﬁe in a purely horizomtal wind.
This deviation of C,, denoted by ACL, is plotted in Fig. 20 using the
data obtained on the centerline behind a single building at x/H = 10.
To obtain the values of AC[ used in Fig. 20, it is assumed that the
deviation of angle of attack Aa from the angle of attack a of the wing
of the aircraft flying in a horizontal wind is given by arc tangent
[V/(U + nU)], where nU is the flight speed of the aircraft. If the
flight speed is very low, or the wind speed U is very high, then it is
plausible that n ¢ 4., The slope of ths lift curve of the aircraft is
estimated as 0.1 per degree. Assuming an aircraft lift coefficient of 2
to 3, it is seen from the graphs of Fig. 20 that flight through a wake
of & building could entail a momentary lift change of from 2 to 25
percent, owing solely to downdrafts in the wake.

The magnitudes of V in Table A-5 for the tandem arrangement are
comparable to those in Table A-2 but show somewhat higher values of AC
for the location considered in Fig. 20. For example, ACL is 42 percent
higher at y/H = 3 and x/H = 10 as compared with the value of ACp pehind

the single building at the same location.

etailed Velocity Measurements: Hot-film Results
Mean Velocity profiles obtained at centerline stations in the wakes
produced by the 13 patterns (Table I) are shown in Figs. 21-46. The
detailed profiles show two bends, which constitute upper and lower
boundarys of the disturbed region. The height of the upper bend is
denoted by 8; and that of the lower bend by 85. The variation of 8i and

8, with distance x downstream of the building is significant, in that it

delineates the region of the wake which is potentially dangerous to
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aircraft. 1In particular the region bounded by the lower height 8; and
the upper height &; is ome of high velocity variation, i.e., the velo-
city gradient dU/dy is higher than found in the undisturbed profilc at
the same elevations.

The semilogarithmic plots of Figs. 21-46 show that the velocity
profile can be approximated by a straight line between the two bends,

i.e.,

U oammY+s (4.1)

U H

1

is the equation of the straight portion. Thus

du _ AU,

= (4.2)
dy vy
and
4/, | M (4.3)
dy/H y

The parameter A is a useful measure of the magnitude of the velocity
gradient. For a given straight-line segment, A and B are constants and
can be determined from the graphs.

Values of 3;, 8, and A were obtained from the graphs and =re pre-
sented graphically in Figs. 47 and 48 for single buildings and for one
tandem arrangement. The dats of Logan and Barber (1980) for building of
infinite length are inoluded also. The solid curves show the position
of 8; and 85, and the area between these curves represents the disturbed

region, i.e., the region of higher-than-average dU/dy or A.
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Values of the constant A.for single buildings are plotted in Fig.
48. A higher value of A means a higher value of dU/dy at a given eleva-
tion y. Figure 48 shows that increasing the aspect ratio L/H also
increases A. Since the relation between A and skin-friction coefficient

15 given by

(4.4)

it is evident that C¢ increases with L/H also.

The upstream profile corresponds to Cyp 0.0035 or A = 0.1046.
The disturbed valuves of A for single buildings lie in the region bounded
by the dashed curves of Fig. 48. Tho upper curve represents roughly the
variation of A with x/H when L/B is iafinite, and the lower curve repre-
sents values of A for L/H = 3. Extrapolation of the data shows that the
wake of a building of small aspect ratio decays much faster. The value
of x/B at which the curve reaches A = 0.1046 is the length of the
disturbed region or wake. Figure 48 is useful in making estimates of
wake length, waich is the region of potentially hazardous air travel.
The hoight of the region of hazardous flight is determined from Fig. 47,
after the length of the region is known from Fig. 48.

The length of the zone of hazardous flight could also be estimated
by writing equatioms for the solid lines of Fig. 47 and solving them

simultaneously. The equation for the upper line is giver by

8 .3288
Ao1as (X (4.5)
a H

and that for the lower boundary is
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65 x
— = 0.192 -) (4.6)
H H

Since 8;/H achieves a value of 10 at x/H = 200, and this is the edge of .
the wind tunnel boundary layer, the extinction of the disturbed region
occurs when b,/H = 10, viz., about x/H = 500. This is somewhat longer
than the region obtained by extrapolation of the limited data of Fig.
48. However, the slow decline in the value of A for the building of
infinite aspect ratio makes the latter estimate more plausible.

it should be noted that C¢ in (4.4) is rolated to the Cp in (1.2),
rather than to the local wall skin friction. The lower part of the
profiles, below y = 5;, have slopes related to the local Cg. This
disturbed part of the profile and the correspoading slope A are affected
primarily by the force on the model, i.e., by Cp. As seen previously in
Fig. 4, Cp decreases as L/H decreaser. ™ us 't is eapected that A would
decrease with L/H as is depicted in Pig. 48.

The height 8; of the disturbed region is increased by the tandem
arrangement (Patterns 5-7), as is depicted in Fig. 47. The differences
in 8; disappear further downstream, viz., by x/H = 30. Values of slope
A are lower initially, but differences disappear by x/H = 16.

The tandem arrangement of Patterns 5-7 are repeated in Patterns
9-11, which provide two tandem rows spaced lateraliy by a distance of
6H. Here it is assumed that wake profiles on the building centerlines
wiil bde as given for Patterns 5-7 im Figs. 29-34. The wake profiles
crested along the centerline of the gap between building rows are pre-

sented for Patterns 9-11 in Figs. 37-42. Although not an identical
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geometry, a comparison with the wide-~gap results of Logan and Barber

(1980) can be made. The disturbance region is shown in Fig. 49 and may
be considered to be included between the dashed cuzves, Figure 50 shows
the variation of A with x/H. Its value is around 0.2 over the entire

range, which is almost twice the undisturbed value. The gap data do not
show a rapid decay, but it is expected that the decay, indicated by the
dashed curve is more appropriate for rows of low aspect-ratio buildings.

Merging of the two dark wedges observed on the photcgraphs of Fig.
14 occured ~% -dout x/H = 24 for L/H -~ 6. This position should corre-
spond with the observed maximum value of A, i.e., to the distance
required for the retasding effect behind the obstacle to reach the
centerline of the space between the obstac’es. The points of Fig. 50
for L/H = 6 show that A maximizes between x/H = 16 and x/H = 28. If the
effect spreads laterally a distance of 3H at x/R = 24, then the lateral
rate of spread is roughly the ssme as the vertical rate, as may be
inferred from the upper (solid) curve of Fig. 47.

A single building downstream of the gap formed by two laterally
spaced buildings was studied and data are presented in Figs. 43-46. The
wake profiles for the single building behind the gap (Patterns 12 and
13) were compared with profiles for the single building (Patterm 1).
Little effect is noted in values of 8; and 8. However, as significant
difference in A occurs at small values of x/H. The small acceleration
of fluid which occurs in the gap regiunm results in higher velocity
gradients downstream of the building. For Pattern 13, the value of A is
increased by 35 percent at x/H = 4 over the value for the bduilding in
undisturbed wind. PFurther comparisons can he made using the numerical

data presented in Table A-7 in the Appendix.
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ORIGINAL FACZ .
OF POOR QUALITY
CHAPTER 5

TURBULENCE DISTRIBUTION

Hot-filmprobe measurements of u’, the rms value of the longitu-
dinal velocity fluctuation, are presented in Figs. 51-76. The fluctur-
tion u’ is non-dimensionalized with U®, the friction velocity of the
undisturbed flow.

In these profiles an increase of u’ is observed immediately behind
the building. The ma.imum value of u’ occurs at elevations of 1-1.5H
above the grouni at x/H = 2. The location of the maximum of u' is
denoted by 8y, und the maximum fluctuation is denoted by u’m. These
locations and magnitudes are presented systematically +u Table A-7 of
the Appendix.

The extent ¢ the region of increased turbulence may be observed by
comparirg thc wal. profiles with the profile for undisturbed flow. This
is shown in Fig. 51 to illustrate the clear definition of the region.
The upper limit, or merge point, correspond, closely with the position
of the upper bend in the velocity profile, i.e., it occurs at or near y
= 8{. The luocation of the point of mazximum turbulence occurs nearer to
8g, i.e., in the iower part of the zone of high velucity gradient. From
(4) it is clear tha* dU/dy is largest ncar the bottom of the high-
gradient zome, i.e., near y = 85, and turbulence production is
proportionsl to dU/dy. The turbulence productio~ also u.pends on the
Reynolds shear stress vv, and this has been shown to maximize in a
manner analogous to the turbulence fluction. ([See Logan and Chang

(1980)]. Prandtl’s mixing length theory indicates a dependence of
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Reynolds shear stress on the square of 1(dU/dy), where 1 ic the mixing

length.

Turbulence in the region below y = 8¢ jis still elevated above the
undisturbed value. The region is supplied with ‘urbulence energy via
gradient diffusion from the higher production zonme. Turbulence energy
is lost from this region by dissipation in smaller eddie- and by
gradient diffusion in the latesal direction, i.e., in the z-direction.

Although the discussion given about fits the wakes directly behind
obstacles, it does not suit the development of profiles measured in line
with the centerline of the space between two rows of buildings. Pro-
files for Patterns 9-11 are shown in Figs. 67-72, and they are repre-
sentative of the second kind of wake. The flow in these regions derives
its changed form by adjusting to the highly sheared flow at either side.
Momentum is lost to adjacent slower-moving fluid via Reynolds shear
strosses associated with lateral variation of mean velocity. Turbulent
energy is gained in this region via diffusion from more energetic shear
zones and through secondary currents which comvect turbulence into this
zone nesr *he wall (see Fig. 77). The latter concept of secondary cells
was advanced by Rotta (1972) and was based on the shape of isotachs
downstream of surface-mounted spheres. The effect of the building om
the boundary layer, viz., increased velocity gradieat and turbulen.e,
propsgates laterally at roughly the same rate as vertically. The effect
Las beun propagated fully to the centerline botween the rows of
buildings by 16 ¢ x/H ¢ 28, as seen in Fig. 68 for Pattern 10. Study of

surface flow r.rterns and velocity profiles indicates that the effect

maximizes between xz/H = 16 and x/H = 28. Beyond this station, turbu-

lence and slope A decline. Becsuse the effect is propagated from the
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first element of the two in tandem, forming of the profiles begins
earlier in Fig. 71 for Pattern 11, than for Pattern 9 and 10.

One inference that can be made from these data is that the lateral
spread rate is roughly the same as the vertical rate of spread. This is
in agreement with predictions made in an earlier section from velocity
profile changes and from surface flow visualization. This approximate
method may be used to predict the lateral extent of the wake and to make
estimates of the slope A and maximum values of u’ on the sides of the

model. The method should be checked in future research.
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CHAPTER 6

COMPARISON OF WAKES

Some important data for each pattern used in the present study are
compared in Table II. The first three columns of the table refer to the
last station, i.e., x/H = 28. For this station the first column
contains the height of the shear layer in building heights. The second
column lists the height of the layer of maximum turbulence level at x/H
= 28. The third column presents the increase in turbulence level above
the original or upstream value u’', at the elevation 5m/H where u’ has
its maximum value. This turbulence excess u'y - u’'p is non-dimension-
alized with the upstream or undisturbed friction velocity U¢. The
fourth column lists values of non-dimensional velocity gradieat in the
shear layer formed in the wake between y = 8§; and y = 85. The gradient
shown is the maximum at the arbitrary height y = 3H. In this chapter
values in Table II will be used to compare the wakes produced by the 13
patterns of buildings. From the standpoint of flight safety, patterns
having the smallest values of quantities in Table II are preferred.

Patterns 1, 3 and 8 are the single, block-type structure with its
length normal to the flow. From Table II it is seen that increasing L/H
increases the thickness 8; of the shear layer. The magnitude and height
of the high turbulence zone also are found to inorease with aspeot
ratio. The magnitude of the velocity gradient increases when L/H is
increased from 3 to 6 but does not change significantly when L/H changes

from 6 to 9. A smaller aspect raiio is clearly desirabdle.
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TABLE 11

COMPARISON OF WAKES

“ATTERN x/H = 28 max, at y/H = 3
No. 8i/H om/H (n'gm-u'o)/U* d(U/u’)/d(y/H)
1 5.6 2.7 .1 .18
2 4.8 2.6 .6 .17
3 4.2 2.4 .4 .10
4 3.5 2.3 .5 .07
5 4.8 2.4 1 .14
6 5.8 3.3 .8 .14
7 5.5 3.3 .8 .14
8 5.9 3.3 1.3 .17
9 4.0 1.9 .7 .06
10 3.6 1.9 .6 .07
11 3.8 1.9 1 .08
12 6.0 3.3 1.2 .19
13 5.7 3.3 1.1 .20

Tandem arrangement of two buildings of equal length was employed in
ratterns 2, 4, 5, 6 and 7. Pattern 4 can be compared with Pattern 3,
since L = 3H in both cases. A small improvement is observed for the
closely-spaced, low-aspect—ratio buildings. Patterns 5§, 6 and 7 can be
compared with pattern 1, as all buildings have L/H = 6. The closely
spaced, tandem arrangement, pattern 5, shows an improvement in all
categories, while wider spacing does mnot improve the wake in an overall
sense. Thus the tandem arrangement with S/H = 3 is preferred over the
single building.

No sigu ficant differences are observed in the wake of the gap
betwee - the rows of the 4-building arrays, patterns 9, 10 and 11. Based
on data from the tandem patterns, it appears that the pattern 9 is to be
preferred. One point that should be studied in the future is the magni-
tude of seccadary air currents set up by the rows of buildings. In
fature investigations three or more buildings could be included in each

ros, and the velocity components, U, V and W, measured.
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The arrangement of a single building behind the gap formed by two
laterally spaced buildings appears to be a very bad design. The wake of
the single building in patterns 12 and 13 can be compared with that of
the isolatea building in pattern 1. The gap appears to affect the wake
adverseiy for both longitudinal spacings. Further study could prove
that tandem arrangement with short longitudinal spacing would be
superior in this case as well, i.e., in the case of a 3- or 4-building
array of buildings of unequal lengths.

An extension of the present research, which seems worthwhile, would
be an attempt to optimize spacing in the tandem arrangement for various
aspect ratios. The data of Table II show that such an optimum may
exist. The effect two or more buildings of different heights in a

tandem array should also be addressed.
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TABLE A-1

Pressure-probe Measurements of U(m/s) for Pattern No. 1 (Table I)

2/H

-2.5

—
DO ANWNE WN M

[ Y
SO WN

QOO AWK EWN -

[y

OO ARNANL WNM-

[

3.505
5.617
5.872
5.993
5.998
6.091
6.299
6.439

4.642
5.729
5.884
6.008
6.128
6.247
6.363
6.478

5.466
5.817
6.008
6.069
6.190
6.307
6.423
6.536

5.629
5.978
6.219
6.277
6.365
6.479
6.592
6.675

3.656
5.567
5.780
5.967
6.089
6.207
6.353
6.414

4.946
5.476
6.067
6.036
6.127
6.247
6.391
6.534

5.388
5.7157
6.007
6.068
6.159
6.307
6.479
6.503

5.594
5.944
6.189
6.307
6.422
6.479
6.592
6.647

x/H

.895
.108
.782
.000
.031
.151
.357
.414

AN W

.170
.584
.819
.003
.067
.186
.332
.504

AN AW

.284
.693
.885
.040
.161
.220
.366
.535

A AN WKW

5.526
5.944
6.189
6.278
6.335
6.479
6.592
6.647
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NN NNA NN AN S M

AN ML WL

10

.368
.839
.620
.937
.001
.122
.270
.386

.255
.577
.811
.970
.093
.182
.389
.504

.184
.692
.917
.100
.161
.249
.423
.508

5.527
5.946
6.160
6.278
6.393
6.479
6.564
6.675

16

4.793
5.026
5.488
5.8717
6.061
6.122
6.270
6.472

5.226
5.513
5.747
5.909
6.002
6.124
6.361
6.504

5.255
5.694
5.916
6.040
6.190
6.278
6.479
6.507

5.525
5.943
6.126
6.332
6.421
6.450
6.590
6.673

28

5.211
5.388
5.589
5.783
6.092
6.182
6.299
6.499

5.155
5.610
5.748
5.970
6.122
6.213
6.360
6.531

5.293
5.728
5.949
5.980
6.161
6.249
6.423
6.564

5.973
5.974
6.214
6.364
6.450
6.506
6.618
6.701



TABLE A-2

Pressure-probe Measurements® of -V(m/s) for Pattern No. 1 (Table I)

t/H y/R 2 4
0 1 1.172 1.007
2 .248 .287
3 L2158 .262
4 .237 .242
5 .238 .227
6 .226 .231
8 .184 .1958
10 .168 AN
-2.5 1 347 .354
2 AN .273
3 .254 .267
4 L2587 .290
5 .260 .278
6 .245 .245
8 .230 244
10 .199 .210
-4.5 1 .325 321
2 .208 .232
3 .220 .182
4 .212 231
L] .180 .202
6 .184 .184
8 .154 147
10 .141 188
-6.5 1 .288 .293
2 .208 .246
3 .159 .180
4 199 149
L] 177 184
6 .147 147
8 .138 .138
10 .109 .129

®All valuwes in this tadle are of =V. thus all valumes

i.0., directed dowavard.

x/H

6

.967
317
.286
.287
.253
.237
195
.171

.364
272
.300
.294
.267
.270
.269
.230

.387
.240
L2358
179
.183

.

139
125

.106

108

322
227
198
152
163
130
138
112

10

.766
.509
327
.303
.238
.223
.187
174

449
.391
.338
.335
336
.288
.261
.230

.352
.260
218
.190
165
.191
.136
.110

.302
.246
.183
182
139
.130
.138
.109

16 28

.580 374
.493 .34
.348 .312
.273 .285
.267 .227
.223 .216
.208 .202
.130 144
.489 511
e .386
.346 328
325 338
312 314
277 .266
.265 .212
.247 .178
.363 .336
.279 .256
.231 .209
.198 .186
.198 .183
.170 173
147 136
.161 .103
382 219
265 .261
.22) .230
198 198
A7 .150
.168 179
182 .149
.143 124

of V are aegative,



TABLE A-3

Pressure-probe Mecasurements of W(m/s) for Pattern No. 1 (Table I)

x/H
z/H y/H 2 4 6 i0 16 28
0 1 0 0 -.068 -.076 -.084 -.182
2 -.294 -.187 0 -.084 0 0
3 -.308 -.202 -.101 -.098 0 0
4 -.314 -.208 0 0 0 0
5 -.209 -.213 0 0 0 0
6 -.106 -.217 0 0 0 0
8 -.110 -.222 0 0 0 0
10 -.225§ -.112 0 0 0 0
-2.5 1 .986 .783 .726 .552 457 .360
2 .100 .307 .390 .390 345 .392
3 .103 .106 .101 .304 .301 .301
4 0 .105 .105 .208 .206 299
5 0 0 .106 .106 .210 .212
6 0 0 108 216 .214 .217
8 0 0 111 .111 .1i1 .222
10 0 0 113 .113 .113 .228
-4.5 1 .574 .282 .277 .181 .092 0
2 .305 .201 .199 .199 .099 0
3 .105 .210 .103 .103 .103 0
4 .106 .106 .105 .106 0 0
5 0 107 0 0 0 0
6 0 0 0 0 0 0
8 0 0 0 0 0 0
10 0 0 -.114 0 0 0
-6.5 1 .098 .198 .193 .193 .096 208
2 .104 .207 .207 .104 .207 .208
3 .108 .108 .108 .108 214 .219
4 0 .110 .110 .110 .221 111
s 0 112 111 .111 .112 .112
6 0 0 .113 .113 .112 .114
8 0 0 0 0 118 .115
10 0 0 ¢ 0 116 117
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TABLE A-4

Pressure—probe Measurements of U(m/s) for Pattern No. 6 (Table I)

x/H

z/H y/R 2 4 6 10 16 28
0 1 3.891 3.892 4.137 4.451 4.830 5.094
2 4.765 4.682 4,680 4.761 5.021 5.278
3 5.595 5.392 5.425 5.318 5.386 5.419
4 5.943 5.911 5.849 5.815 5.751 5.719
5 6.124 L.065 6.032 6.032 6.003 5.942
6 6.212 6.213 6.183 6.124 6.125 6.154
8 6.331 6.360 6.331 6.330 6.273 6.330
10 6.531 6.503 6.532 6.503 6.503 6.474
-2.5 1 4.685 4.676 4.904 4.979 5.056 5.142
2 5.273 5.206 5.214 5.279 5.350 5.388
3 5.753 5.624 5.556 5.553 5.587 5.584
4 5.877 5.846 5.814 5.814 5.812 5.749
5 6.000 5.940 6.000 5.969 5.969 5.938
6 6.060 6.061 6.031 6.031 6.061 6.090
8 6.269 6.269 6.239 6.211 6.270 6.269
10 6.410 6.413 6.415 6.386 6.416 6.412
-4.5 1 5.289 5.269 5.150 5.367 5.404 5.280
2 5.7175 5.742 5.782 5.800 5.800 5.743
3 $.979 5.907 5.937 5.997 6.026 5.967
4 6.099 6.098 6.097 6.116 6.118 6.059
5 6.195 6.216 6.216 6.216 6.244 6.177
6 6.341 6.309 6.311 6.310 6.302 6.295
8 6.431 6.459 6.425 6.424 6.418 6.442
10 6.543 6.543 6.594 6.621 6.59% 6.555
-6.5 1 5.543 5.510 5.408 5.386 5.318 5.352
2 5.898 5.864 5.872 5.812 5.812 5.745
3 6.085 6.055 6.086 6.029 5.999 5.967
4 6.204 6.1153 6.204 6.179 6.179 6.179
s 6.350 6.3%0 6.325 6.268 6.239 6.238
6 6.407 6.407 6.353 6.355 6.326 6.355
8 6.522 6.522 6.467 6.469 6.441 6.469
10 6.606 6.606 6.579 6.553 6.553 6.553
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TABLE A-S§

Pressure-probe Measurements® of -V(m/s) for Pattern No. 6 (Table 1)

x/H

z/8 y/H 2 4 6 10 16 28
0 1 .963 1.014 .864 .765 .533 .531
2 .543 .595 .616 .585 .572 485
3 .332 31 .398 442 A47 .426
4 .340 .356 .353 .376 .389 .387
s .332 .323 .345 .345 .346 .358
6 .336 .336 .324 .332 .332 .330
£ .321 .313 .285 .304 .293 .304
10 .274 .29%5 .239 .264 .249 .268
-2.5 1 527 .440 .456 .500 .511 .429
2 .233 .346 .367 Anm N L .383
3 .290 307 .317 357 377 372
4 .311 .315 .319 L339 357 .367
5 312 .302 .33 .335 316 .33
6 .322 .304 308 .308 .322 .336
8 .276 .276 .298 .284 .276 .294
10 L2758 .275 .240 244 .240 .292
-4.5 1 .487 468 .617 .586 .576 .421
2 374 .398 .413 4617 .4617 47
3 .348 .394 .407 .417 .430 316
4 349 .367 .385 .416 .398 .288
s 337 .368 .368 .368 .381 .306
6 .317 .373 .338 .356 373 .290
8 .323 .319 .340 35 .339 254
10 .325 .328 .317 .330 317 .240
-6.5 1 .377 A8 .412 34 .363 346
2 .322 .328 .273 .261 .261 272
3 .258 .259 .246 .216 .234 .261
4 .249 .260 249 218 .202 .215
s .230 .230 .180 .188 .208 .227
6 .222 222 .228 .186 .197 194
8 .228 .228 .198 .164 .168 .164
10 .216 .200 .188 154 .154 .154

®All values in this table are of -V, thus all valuwes of V are negative,
i.0., dizected downward.
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TABLE A 6

Pressure probe Moasuroments of W(m/as) for Patt.ra No, 6 (Table 1)

/N
/N y/H 2 4 6 10 1o 28
0 t 0 ALY 072 188 L1608 178
2 0 LOR2 0 ORI 78 184
3 0 0 Q L0913 L0v4 JARS
4 Q [\ [\) 1ol 100 100
s 07 ] 108 108 108 104
6 108 0 108 107 0 107
¥ 0 0 At 11 K] 11 )
10 0 0 A4 113 113 13 :
-2.8 1 .742 .T41 L4290 L34 268 0
2 L3o9 304 182 2N 187 0
3 .100 008 L1904 104 L0907 097
4 .103 102 .101 101 101 100
s 108 104 108 104 104 104
6 106 .106 108 108 0 106
8 .109 109 00 .108 )] .109
10 .224 112 A1 112 0 12
-4.8 1 .74y .647 .032 .639 568 184
2 .607 .603 .506 ,610 .610 .301
2 418 .$17 .519 .524 .$27 .208
4 426 .4206 .420 .838 .335 211
[} 324 434 .434 434 437 216
6 332 .381 331 .3 441 220
8 228 .228 337 337 449 .2
10 129 .229 .346 347 .346 14
-6.8 1 .290 .289 .28 094 0 0
2 .309 307 .208 101 .101 .100 )
3 .12 .11 212 .108 .108 104 N
4 a1 214 217 .108 .108 .108 \
s .222 222 110 0 0 0 '
6 224 224 A11 ()} 0 0
] 114 114 118 ()} 0 0
10 118 118 118 0 ()} 0
Voo
(0
A
112 s



TABLEF A 7

Wake Characteristios

x/H
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Pattern x/H
No. 2 4 6 10
6,/n 2.8 2.5 2.7 2.7
b,/1 .55 .8 .5 .55
] A .14 .14 17 .19
5/l A 2 5 1.0
u' /e 1.3 2.6 2.6 2.7
6,/H 2.8 2.5 2.9 3.3
8,/H s 58 .55 8
10 A .16 19 .19 .20
6p/R .8 . 1.2
u'g/ue 2.5 2.6 2.7 2.8
64/0 2.3 2.8 2.7 3
8,/H .15 .18 .85 .95
11 A .19 .20 .28 .24
ba/R ) 9 1.2 1.5
A U 2.5 2.6 2.6 2.8
6,/H 2.2 2.8 5 4.4
8,/R 1.1 1.2 1.3 1.7
12 A 1 11 .58 .47
Su/H 1.5 1.9 1.9 2.4
u'g/ue 5.4 5.0 5.0 4.4
8,/n 2.3 2.8 3.2 3.9
8,/R 1.2 1.25 1.3 1.7
13 A 1.2 .93 .59 .5
bu/H 1.5 1.8 1.9 1.9
u' g/l 5.3 4.9 4.8 4.1
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